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TRACE ORGANIC ANALYSIS OF MICROENCAPSULATED MATEFRIALS

1. INTRODUCTION

1.1 Definition of the Problem and Program Goals.

Detection and identification of trace target species in
complex polymeric mixtures requires application of advanced
analytical instrumentation and methodology. In particular,
microencapsulated toxic substances present a demanding challenge
for their detection and identification in the environment. The
accomplishment of this task requires knowledge of
microencapsulation technology including the formulation and
processing of complex materials, so that analytical
characterization can be designed in a comprehensive and meaningful
manner. The initial activity on this task utilizes background
information in microencapsulation research and technology that
involves the food, agricultural, pharmaceutical, consumer product,
and biomedical industries.

The major goal of this task is the development of
analytical systems and/or methodologies to detect/identify/quanti-
tate trace organic chemical species in complex microencapsulated
mixtures. The analytical chemistry required to characterize
formulated materials has been developed over many years in context
to polymeric substances, both natural and synthetic origins. The
instrumentation and methods developed and applied have focused on
analytical pyrolysis interfaced to chromatographic and spectral
separation/detection/identification systems (l1). Trace organic
analysis involves the use of enrichment or concentration units
which are manufactured as highly autgmated systems. This
Integrated Intelligent Instrument (1) approach, outlined in Figure
1, is based on sample processing, concentration, separation,
detection/identification, and applied artificial intelligence.

The approach selected for this task emphasizes selected
analytical tools that are commercially available and used for
detection and identification of trace amounts of toxic species that
are in formulated polymeric forms, such as immobil&zed carriers or
microencapsulated materials. Development of the I~ approach
focused on two major technologies; namely, analytical pyrolysis and
supercritical fluids, with advanced data analysis and applied
artificial intelligence (Al) methods. Figure 2 outlines how
formusated (e.g. microencapsulated) materials are studied within
the I~ approach. :

Specific program objectives are outlined in the following
five statements:

1. Develop current awareness of the extensive
microencapsulation research and technology base.
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2. Provide detection and characterization of
microcapsules with their chemical/physical microstructure.

3. Establish detection and identification schemes for
signature analysis and classification of core/shell formulated
products, including thickeners, additives, and carriers.

4. Determine the quantitative amounts of microcapsule
samples (milligrams) at trace ppm, ppb levels.

S. Encode information in an applied artificial
intelligence format.

The means to accomplish these objectives include (a)
assessment of microencapsulated R&D as background for developing
analytical schemes; (b) assessment and assembly of selected
analytical instrumentation to qualitatively and quantitatively
determine component levels in complex mixtures; and (c) document
and outline the information with applied AI. Our approach is shown
schematically in Figures 3 and 4.

The long-term goal includes extension of laboratory
results from these studies to the in-field, battlefield
environment. This longer-term goal was considered in the initial
design and execution of the task. The role of highly automated, .
expert-system oriented analytical instrumentation is significant in
this regard. Specialty hardware/software designed to accomplish
the detection and identification of trace toxic materials in
complex matrices can be realistically proposed based on results
from this and allied studies. Following the current emphasis on
technology assessment and transfer methods for R&D links to
commercially significant ends, such specialty tools based on the I3
approach have significance throughout our industrial processing and
environmental fields. This contract research provides the
technical basis for the design and manufacture of a prototype
highly automated portable, modular threat analyzer to meet Army
needs.

1.2 Experimental Design.

Although there are numerous methods available to
statisticians in the conduct of experimental design for chemical
studies (2-5), the choice of a Box-Behnken design was made for
specific reasons important to the interpretation stage. The
Box-Behnken is a central composite, blocked design to randomize
experimental error. The design provides an excellent multivariate
tool for evaluation of experimental parameters. The pure
experimental error is determined, in addition to measuring how well
the variables account for the system variance (or lack of fit to
the model). A typical output is shown in Figure 5. The response
surface is determined over the instrumental range under study, so
as to detect main variables responsible for the measured response,
and importantly, any second order or quadratic interactions. Use

14
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of experimental designs are emphasized in current industrial R&D to
provide the most information in the shortest possible time, thereby
resulting in productive research. Background experience in this
area led to the specific choice of the Box-Behnken and also led to
extensions of its use for multivariate response data needed in our
studies.

1.3 Data Analysis.

The role of chemometrics has increased significantly over
the past decade (6-8) to increase the information content from data
generated by highly automated instruments. Only such reproducible,
accurate data can be handled by chemometric techniques, including
factor analysis and pattern recognition software. The mathematical
and statistical treatments common in classification or multivariate
analysis were further developed in this project to include applied
artificial intelligence. Use was made of AI shell software
packages, as well as specialty software, to develop a prototype
expert system network, EXMAT. The need for combined numeric and
symbolic computing was recognized early in our program and ideas
were presented at a Workshop held in Seattle, WA in August 198S,
sponsored by the American Association for Artificial Intelligence
and Boeing Computer Services. Extension of this approach is being
made to current developments in neural networks addressing both
hardware and software aspects in cooperation with General Research
Corporation, Mclean, Virginia.

2. MICROENCAPSULATION RESEARCH AND TECHNOLOGY BACKGROUND

2.1 General Considerations.

Microencapsulation technology has developed over the past
decade in a rapid and diverse manner throughout the food, chemical
(pesticides, consumer products, etc.) agricultural, and
pharmaceutical industries (9). Aerosol carriers, agent thickeners,
and additives are composed of varied organic substances, many of
which are polymeric in nature. Complex mixtures result when such
materials (surfactants, surface and viscosity modifiers,
emulsifiers, plasticizers, humectants, etc.) are formulated to
achieve specific performance and compatibility requirements. Wall
materials or specialty membranes and polymers may surround the
encapsulated core or serve as transport agents in novel ways (1@).
These multicomponent products are formulated to provide "tailored"
physicochemical behavior over a range of environmental stabilities,
controlled release mechanisms, and transfer/distribution means.

The advantages of providing reactive or labile species in
timed-release/encapsulated formulations are given extensively in
the agrochemical, biomedical, and pharmaceutical industries.

Fabrication techniques needed to produce such materials
are likewise varied, including microencapsulation processes; e.g.
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Wuster coating, centrifugal extrusion, vapor deposition (Parylene),
liquid walls, interfacial polymerization, phase separation, complex
coacervation (thermal, nonsolvent, interfacial), in-situ and matrix
polymerization. Many processes are commercially developed and
available for specialty applications (9).

Characterization of microcapsules thus requires detailed,
comprehensive analytical methods for microstructure, composition,
and physicochemical information. Concerted organic trace analysis
conducted in the industrial R&D sector ensures that needed
production quality and in-field applications are achieved over the
planned range of formulation, processing, and end-use conditions.
Furthermore, prediction of physical/mechanical properties for the
intended lifetime of the material requires knowledge of degradation
mechanisms and associated kinetics. Such controlled release
performance critically depends on polymeric microstructure and
compositional details of the thickeners, additives, and carriers
used in the process. Thus, instrumentation designed for analysis
of complex materials are required in our study.

2.2 CRDEC Microencapsulation Workshop, December 3-4, 1986.

Of singqular importance to the Army was the
Microencapsulation Workshop that was organized and held at CRDEC in
December, 1986. Collection of the Workshop presentations has been
published as "Macromolecules in Microencapsulation Research and
Technology," CRDEC-SP-87622, August 1987.

The purpose of the CRDEC Microencapsulation Workshop was
to encourage technology transfer among active industrial R&D,
academic and U.S. Government investigators. Emphasis was placed on
the physicochemical characterization of natural and synthetic
macromolecules used in the microencapsulation field, with the
associated synthesis, formulation, and processing aspects.
Specialty design of polymeric microstructure and
formulation/processing variables required for wide-ranging
performance was emphasized with regard to controlled release,
transport mechanisms, microporosity, and environment stability.

Over 5@ companies, 20 academic/research institutes, and 8
government agencies participated. Nearly 162 persons attended the
Workshop. Topics of research presentations included preparation,
chemical/physical modification, and characterization of specialty
polymers, surfaces, and membranes; design and monitoring of
selected diffusion, permeability, adsorption/absorption or
stabilization phenomena; and macromolecules and associated
materials used as carriers, stabilizers, or thickeners in
microemulsions and colloidal systems.

Directly relevant for Army applications is research that

involves the production, delivery, and detection of substances
encapsulated/immobilized in complex polymeric/inorganic systems.
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The analytical capabilities needed for these materials also impact
industrial manufacturers in food, chemical, agricultural,
pharmaceutical and consumer product fields, as well as forensic
sciences. Environmental and legal requirements, as well as quality
control/assurance operations require that modern analytical systems
be integrated into most corporate R&D programs.

Relevant literature in the microencapsulation field is
given in Bibliography 16.1, (page 38), including references in
microemulsions, microcapsules, polymeric/liposome delivery systems,
physicochemical research, and specialty polymer information.

3. INSTRUMENTATION BACKGROUND

3.1 General Trace Organic Analysis.

The concerted organic analysis approach has been
discussed (1l1) and developed over nearly two decades for applied
research and problem-solving in industrial R&D (1). A schematic
(Figure 6a) outlines the approach as it was presented in 1971 (12)
and updated in Figure 6(b) in 1986. Figure 7(a, b) show the
background information for sample processing and on-line analysis.
The specific advantage of our study over previous and on-going
efforts in polymer characterization is that of developing and/or’
applying new and automated instrumentation that is now available.
Analysis of synthetic and natural polymeric mixtures have
benefitted from the advantages of combined dynamic headspace
analysis (DHS) with pulse and/or programmed pyrolysis. Careful
thermal processing under controlled conditions is accomplished on
small (milligrams or micrograms) amounts of sample. For many
cases, this thermal method replaces solvent extraction or
time-consuming isolation methods. For samples that are thermally
labile, nonthermal treatment is used, and supercritical fluid (SF)
instrumentation (e.g., extraction) achieves this goal. Our general
problem~solving in materials science uses these two major
instrumental fields as outlined in Figure 6(b).

3.2 Analytical Pyrolysis Technology.

The pyrolysis instrumentation available for performing
this task is the Chemical Data Systems (CDS) Model 123 Pyroprobe,
configured with a programmable pyrolyzer interfaced to the Model
320 Sample Concentrator. For samples that may be thermally labile
and for ultra-trace analyses, the Model 33@ Sample Concentrator is
used with cryogenic enrichment and direct transfer of the trapped
volatiles (splitless mode) to the separation or identification
system (GC, FTIR, MS, etc.). The latter system, the Pyroprobe
Model 124, provides one of the most sensitive means for trace
organic analysis of complex materials. The acquisition and method
development performed as part of this task established the
significance of the pyrolysis technology to study the selected
microcapsules {(see Section 5).
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In a Dynamic Headspace (DHS) experiment, a small (mg)
sample is placed in the thermal desorber unit of the sample
concentrator and heated to the desired temperature which is below
the degradation level for the sample. Volatiles (residual
monomers, water, additives, solvents, etc.) are released from the
matrix and trapped or concentrated by means of the on-line internal
trapping system. This enrichment stage uses either solid
adsorbents and/or cryogenic means such as liquid N,. When desired,
the trapped volatiles are pulse-heated off/out of zhe trap and
delivered to the analytical system. 1In some cases, DHS may not be
needed and the pyrolyzate (from pulse or programmed treatment) is
delivered directly to the GC or analytical unit. Hence, pure
materials for reference patterns, as well as those that must be
manipulated from complex matrices are examined in an absolutely
repeatable, reliable manner in the microprocessor-controlled system
under the conditions to obtain the most useful diagnostic
information.

Furthermore, in an example of DHS combined with
pyrolysis, Figure 8 illustrates results from thermal processing of
a high molecular weight polyethylene-vinyl acetate (PE-PVA)
copolymer with He and air atmospheres, respectively. The DHS
analysis revealed low-level volatiles (ppm amounts) that were
removed from the polymer matrix in the low-temperature (120 C for 5
min) mode and the pulse pyrolysis step (7Sﬂ°C) showed the
characteristic triplets from PE, as well as the PVA fragments.

Importantly, programmed pyrolysis or "time-resolved"
pyrolysis exhibits advantages over pulse methods for detection of
microstructural details and mechanjistic information (1). 1In Figure
9, programmed pgrolysis results (1°C/min to 850°C) are compared to
pulse data (808-C/20 sec) on an NBS reference polymer, high density
PE. A major difference is seen in the fragmentation pattern which
has been used for diagnostic purposes. Development of linear,
low-density PE (LLDPE) systems provides improved processing and
performance behavior by means of incorporating small amounts of
comonomers such as butene, pentene, and octene with ethylene.
Compounding co- or terpolymers results in "tailor-made" materials
for desired ranges of performance which are illustrative of the
microencapsulation field.

Common polymers which are employed as wall materials,
carriers, thickeners, or stabilizers for microencapsulation
applications have been studied with analytical pyrolysis over the
past two decades and are discussed in reference
1, (e.g., see Chapter 5 (Synthetics) and Chapter 8 (Biopolymers)).
For natural polymers used in the food and pharmaceutical
industries, pyrolysis methodology has proved to be important.
Figure 10 (a, b) illustrates typical results from a concentrator/
capillary GC study obtained from a DHS analysis of volatiles from
two lots of a formulated product. Lot #1 (Figure 10a) shows three
major peaks that were reduced significantly in Lot #2 (Figure
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16b). Further, quantitative assays may be needed, such as
pharmaceutical products that are processed with various solvents
that must be removed to very low levels. A DHS experiment provides
the needed information on residual solvents in the part-per-million
or part-per-trillion range in this automated system (13).

Other naturally occurring materials, such as protein in
hair samples or microorganisms are studied in crime laboratories
using analytical pyrolysis (1). The need for glass-lined systems
is demonstrated in the pyrograms of human hair, raw wool,
microorganisms, silk, cellulose, and"'chitin shown in Figures 11
-(a-f). Naturally-occurring materials are often more
thermally/catalytically sensitive and require non-reactive surfaces
to ensure high reproducibility. It is thus concluded, analytical
pyrolysis technology has emerged as a powerful means to study
diverse materials over wide concentration and thermal ranges for
industrial R&D, and the materials, environmental and foremnsic
sciences.

3.3 Supercritical Fluid Technology.

In addition to using thermal methods (e.g., DHS,
pyrolysis) to assist in characterizing complex polymeric materials,
nonthermal methods may be necessary for difficult samples, such as
microcapsules with thermally sensitive core targets. The '
supercritical fluid (SF) treatments that can be used involve
extraction (SFE), desorption (SFD), reaction (SFR), and on-line SF
chromatography (SFC) or capillary GC. Background information in
this field is given in Bibliography 1@.2 (page 40).

Since supercritical fluid (SF) densities resemble liquid
densities, high solvating power can be achieved with SF, yet the
diffusivity/viscosity property of the fluids are gas-like for fast
mass-transfer behavior. Temperature influences solubilities of
solutes in ways that depend on the involved region of the
solubility diagram. The general statement may be made that “the
dissolving power of the SF is essentially proportional to its
density”. Therefore, significant changes in solvent properties are
brought about by variation in temperature and pressure.
Instrumentation with highly controlled temperature and pressure
(density) parameters was used in these analytical applications. A
beta-site arrangement with Computer Chemical Systems, Avondale, PA,
made possible the development of this technology for microcapsule
analysis at CRDEC.

For all analyses, the supercritical mobile fluid employed
was CO, (critical temp = 31°C, critical pressure = 1070 psi), since
it has“properties that permit safe use at moderate temperatures and
pressures (110¢ psi to 6000 psi). Therefore, SFE or SFD analyses
were conducted with complex materials, including consumer products,
microcapsules, charcoals, soils, etc. Samples were placed into the
extraction/desorber unit (up to ca. 400 mg of sample) and treated
under SF conditions, a typical set of conditions being 3008 psi,
186°C, 15 min with mobile fluid CO,. The effluent containing the
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solvated species is transferred automatically to the on-line
chromatographic unit for separation in packed or microbore columns.
Simultaneously, the SFE effluent is monitored by a flame ionization
detector (FID) to establish extraction profiles of the SF process.
Detectors other than those used with GC instruments may also be
on-line with the SF unit such as HPLC-type detectors, including
ultra-violet (UV), visible (VIS), or spectral systems (MS, FTIR, or
MS/MS). Exploratory research described in Section 6 (page 32)
describes activities in fiber optic monitors (FOM) for the SFE unit
throughout various spectral regions. This permits real-time,
on-line detection and identification.of SFE effluents (14 b, c¢).

4. EXPERIMENTAL DESIGN AND APPLIED ARTIFICIAL INTELLIGENCE

4.1 Experimental Design and Method Development.

Development of specific analytical methods proceeded on
the pyrolysis and SF systems, which in two cases used an
experimental design for assistance in method parameter screening,
or defining a "response surface“. The chosen design for this
purpose was a five-factor, three-level Box-Behnken program (15).
Extension was made of this well-known approach (which uses a single
response) to a multivariate response because of the unique needs of
our analytical data. The 46-run des1gn used for analytical
pyrolysis and SFE method development is shown in Figures 12 and 13.
Patterns from GC, MS, or FTIR data were the needed "responses" upon
which our interpretations were based and, therefore, the object of
our attention. Method development is designed to provide the most
information in an efficient manner, so generation of the "most
informative" pattern is the goal in this situation. To gquantitate
these patterns, an extended Box-Behnken design was developed using
a multivariate response derived from factor analysis and principle
component analysis (16).

4.2 Applied Artificial Intelligence and Expert System
Networks.

The concerted analysis of complex organic materials with
modern instrumentation involves many judgemental decisions to be
made in analytical strategy, instrumental configurations, data
analysis and interpretation (Figure 14 (12)). Computer-assisted
experimentation with microprocessor-based tools often includes
embedded intelligence in the diagnostics, data acquisition,
advanced data analysis and failsafe operations. However, need
exists for the analyst to approach problem-solving for difficult
materials such as microcapsules using the instrumental capabilities
combined with some problem-solving expertise in the strategy and
interpretive areas. An Al approach was developed that aids in the
experimental determination of chemically significant information
for these materials. A commercial shell, TIMM, (General Research
Corp., McLean, VA) was used to develop the prototype network,
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EXMAT, a linked network of expert systems for materials analysis
(17). The prototype system also included the database management
expert system, EXDBM, and the expert system for chemometrics
EXMATH. The outline is given in Figure 15 (a-f) (17). AI-based
work at CRDEC involved a test series of organic amine salts
analyzed with analytical pyrolysis/concentrator/GC-MS
instrumentation. Completion of the prototype development was shown
by the use of the AI software and by chemometric analysis software
to provide classification of the three groups of structurally
similar organic amine salts (Figure 15 (e, f)) (18).

The EXMAT prototype network was extended for application
to the microencapsulation field. This development included a
decision structure outline for microencapsulated materials
(MICROCAP) using an analytical strategy based on nine available and
functional instrumental capabilities. 1In addition to the four
major systems noted above, other analytical systems include FTIR,
high pressure liquid chromatography (HPLC), thermal analysis (DSC,
TGA, TMA), microscopy (SEM, TEM), X-ray fluorescence, and
microchemical C,H,N,O elemental determinations.

Background in sensors and art1f1c1a1 zntelllgence topics
is given in Bibliography 18.3 (page 41i).

4.3 Technical Resources: Materials, Instrumentation,
and Software.

4.3.1 Materials.

Necessary reference and control samples were obtained for
method development within each instrumental field. Bend
Corporation (Bend, OR) made available three different core
pesticides with polymer shells/walls, solvent, emulsifier and
surfactant. R.T. Dodge Corporation provided additional test
samples with gelatin and isocyanurate cores inside variously sized
polymer walls. This series is different from the Bend series not
only in the type of shell and core material, but in the relative
amounts; the former contained large amounts of target core species
(50-80% by wt.), whereas the Dodge series had smaller amounts of
different targets (2~5% by wt.). Selected test materials were used
to establish analytical ranges of detection and sample loadings
needed for the different instrumental techniques. The samples are
representative of the materials to be analyzed and were available
alone and as fully formulated products. Experimental designs
require representative materials of varied process, treatment, or
compositional parameters and the two sources provided the initial
test materials.

Bend Research: Specific Sample Inventory:
Microcapsules and Ingredients

Batch 1 - polycarbonate/Diazinon; Batch 2 -~
polysulfone/Diazinon; Batch 3 - polyetherimide (Ultem)/Diazinon;
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Batch 4 - polysulfone/Cypermethrin; Batch 5 - polycarbonate/
Dursban. Thus, the requested three polymer shells and three
different pesticide cores were supplied along with the formulation
ingredients: emulsifier A = gelatin: emulsifier B =
(Pluronic)-polyol surfactant (31R2~BASF); solvent = methylene

chloride; and water.

Bend core pesticides are: Diazinon, mol. wt. 384,
decomgoses above 120°C, Cypermethrin, mol. wt. 416, semisolid mp.
60-88°C, and Dursban mol. wt. 350, granular white solid, mp.
41-42°C. Their structures are shown below:

Pesticide Structures:
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R.T. Dodge, Co.: Specific Sample Inventory:
Microcapsules and Ingredients: (20 gm)

18 samples: 2% gelatin/33.3% polyethersulfone
(PES)/64.7% polysulfone; 5% gelatin/16.7% PES/78.3% (PS)
polysulfone; 3% caffeine HCl1/97% PS; 6% caffeine HC1l/94% PS; 6% ACl
59 (Potassium Dichloroisocyanurate)/94% PS; 3% ACl 59/97% PS; 3%
gelatin/97% PS; 6% gelatin/94% polyurethane (PU) (label); (3%
caffeine HC1/97% PU); (3% ACl 59/97% PU); 6% ACl 59/94% PU;
Gelatin; Caffeine HCl; ACl 59; PS; PES:; PU.

The microcapsules contain core materials (bleach (ACl 59)
or caffeine HCl); Wall materials - PS, PES or PU; Core sizes ranged
by a factor of 3 to 10 (e.g., 208 microns/260 microns): wall
thickness expressed in volume percent, 10 and 20%; isolation method
was conducted with and without fumed silica.

In addition to these reference microencapsulated
materials, numerous consumer products were available, such as
the pesticide in the polymeic "No-Pest Strip", and over-the-counter
medications as formulated in final products (Contac, Bufferin,
etc.).

4.3.2 Instrumentation.

Four analytical instrumental systems were assembled to
examine microencapsulated formulations:

System 1. Pyrolysis Atmospheric Pressure Chemical
Ionization (APCI) Tandem Mass Spectrometer (Sciex TAGA 6000 unit).

System 2. Pyrolysis/Concentrator Systém (Pyroprobe Model
124) interfaced to (a) Hewlett-Packard 5985B GC/MS and to (b)
Finnigan TSQ in MS and MS/MS modes. These modules allowed the
following variations of operation: dynamic headspace, programmed
and pulse pyrolysis, cryogenic and sorbent bed concentration/
enrichment.

System 3. Pyrolysis GC with Fourier Transform Infrared
Spectrometer (FTIR) (Hewlett-Packard IRD) at BRL.

System 4. Supercritical Fluid Chromatograph (CCS Model
5080@) for extraction, desorption, reaction and chromatography.

Detection and identification were conducted using the
instrumentation and protocols for development of analytical
capability at CRDEC. These analytical systems combine sample
processing (thermal and nonthermal) with concentrator and
chromatographic units interfaced to spectral detection/
identification systems. Also, data needed in the concerted
analysis approach, included an elemental analysis capability.
Conversion of an existing microchemical reaction unit (Chemical
Data Systems Model 820) was completed for on-line C,H,N,O0 elemental
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determinations on gas, liquid, or solids at microgram quantities.
However, the recent announcement in 1989 by Hewlett-Packard of an
atomic emission detector (AED) for GC effluents makes this unit
obsolete. It is evident that elemental data are important for
overall integration into the concerted analytical approach, whether
achieved by a microchemical system or an AED unit.

The general schematic shown in Figure 4 outlines the
experimental setup.

4.3.3 Software: Artificial Intelligence and
Experimental Design.

Analytical strategy, data analysis, and interpretation
were topics included in development of applied artificial
intelligence (Al) capabilities at CRDEC (Figure 15a). The expert
system network, EXMAT, is outlined in Figure 15 (b). One of the
seven outlined knowledge bases was developed (ES#l, Figure 15c) for
analytical strategy to include over two hundred rules. The other
six were only roughly outlined and remain to be properly developed
and/or modified into a functional expert systems network. The
prototype development, however, provided invaluable experience in
opening up this field to Army applications. These activities are
discussed in detail in references 17 and 18. The testing of the
database management expert system EXDBM (A.M. Harper, (18)) in the
EXMAT network is illustrated (Figure 15 d4) with data from the
analytical pyrolysis study on a group of twenty samples of three
structurally similar groups {discussed in Section 5.2.2).
Classification was achieved and extended analysis (factor rotation
and plotting of covariance data) are shown in Figure 15 (e, f).

Within the EXMAT network (Figure 16) is a specific expert
system, MICROCAP, which includes a prototype decision structure and
a few test rules in the knowledge base. The instrumentation needed
to determine such complex materials and the accompanying method
details are part of the main EXMAT network. The software includes
descriptive commentary under “HELP" or "Verbose Version" options
for each of the analytical systems developed for the CRDEC
facilities, as well as those at Ballistics Research Laboratory
(BRL) (pyrolysis/concentrator GC-MS and FTIR units). General
information is grouped under “HELP" for analytical
pyrolysis/concentrator and chromatographic/spectral units with
varying levels of detail. For example, the TAGA 6000 triple
quadrupole MS/MS unit includes specific settings for a “"typical"
run using the Pyroprobe Model 122 sample treatment interfaced to it
(Figure 17). The documentation of this applied AI activity for
development of CRDEC short- and long~term capability is given in
Bibliography 10¢.3 (page 41), and 10.5.1 (page 44), Presentations.
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5. RESULTS OF TRACE ORGANIC ANALYSIS METHOD DEVELOPMENT

5.1 Experimental Design.

Work reported from BRL (15) permitted adaptation of the
Box-Behnken experimental design to the microencapsulation task.
The Box-Behnken computer program was adapted for the Compaq
computer following minor changes in the Pascal code. Use of the
design was made in a screening mode as in the pyrolysis runs,
rather than a strict statistical manner, because of experimental
limitations at that time. Similarly, SFE method development was
approached for the first time with this same Box-Behnken
experimental design for a complete 46-run series (see Figures 18
and 19).

The 46-runs in this central composite design include six
replicates of the centerpoint to evaluate experimental
reproducibility. The use of this experimental design for both
analytical pyrolysis and SFE method development brought out an
important limitation in the approach as noted from the BRL work.
The statistical data can be evaluated using only a single response,
rather than the resultant GC, MS, or SFC PATTERN response that is
informative for the method development. Extended study has pointed
out the benefits of extended Box-Behnken designs, if use is made of
a multivariate response that represents the pattern generated from
the multiparameter study (16). This extended software, now
operational on the CRDEC Compaq, is ready for application studies
to determine its utility in general method development involving
multivariate or pattern response, rather than the single response
format.

5.2 Experimental Data and Discussion.

5.2.1 System 1. Py/APCI/MS/MsS

The combination of the Pyroprobe Model 122/TAGA 6600
provided analytical pyrolysis (pulse and programmed to 1400 ©c) and
detection/identification with atmospheric pressure chemical
ionization MS/MS. Applications include detection and
identification of volatiles in solids or semi-solids, volatile
liquids and occluded solvents or degradation products from thermal
treatments. -

The APCI-MS/MS TAGA unit received volatiles from a
pyrolyzer unit, Model 122, which provides only thermal processing,
but no enrichment/concentration capability. The inert N, or air
atmospheres were provided by modification of the Pyroproge coil
insert when interfaced to the APCI MS/MS unit, as discussed
elsewhere (19), and shown in Figure 20(a).

In context to a general method for determination of
polymer microstructure, decomposition products or low-level thermal
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treatments applied to various materials, the following polymers
were studied with pyrolysis APCI MS/MS and examined in the single
quadrupole mode: poly(methylmethacrylate) (PMMA),
poly(ethyleneimine) copolymer, poly(vinylchloride) (PVC),
formulated PVC (Shell No-Pest Strip), polyethylene - high density
(HDPE), hydroxy-terminated polybutadiene (R-45M) (HTPB), formulated
R-45M (HTPB-1, -2, -3), carbon fibers (pitch, polyacrylonitrile-~
carbonized PAN), nylon 6/6 poly(hexamethyleneadipamide), nylon 6/9
poly(hexamethylenenonanediamide), nylon 6/16 poly(hexamethylene-
adipamide sebacamide), oxidized PE, polypropylene isotactic
(iso-PP), glycogen, polyethylene terephthalate (PET), sodium
alginate, PE-oxidized 2, Pellethane (Upjohn) polyurethane, Estane
5703 (B.F. Goodrich) polyurethane, ethyl cellulose, polyacrylamide
(high carboxyl-modified and low carboxyl-modified), polyethylene
oxide (PEO), poly(butyl methacrylate) (PBMA), ethylene-vinyl
acetate copolyer (18% VA) (PE-VA), butyl methacrylate-isobutyl
methacrylate copolymer (PBMA-IBMA), polyacrylic acid,
polyacrylamide.

Pyrograms shown in Figure 20(b) demonstrate the value of
comparing inert (N,) vs. oxidative (air) pyrolyses for a PE; an
oxidized PE, and a& “in-chain” oxygen polymer PEO (CH,CH,-O}n. The
APCI MS/MS has excellent sensitivity to oxidative profucfs produced
in these studies and is a preferred method for such analyses.

The microcap #1 sample and the three polymer shells A, B,
and C from Bend Research were studied with this system under a
range of pyrolysis conditions, pulse and programmed, and
approprlate reference (blank) conditions (248° C/min to 700 C) under
air flow of ca. 150 ml/min with the interface configured as in
Flgure 28a. Figure 21 (a6 b) gives the observed patterns for
microcap #1 under (1) 180 C/min to 48@°C control run wlth no heat
(shows no molecular ion for diazinon at m/z 384) (2) 180°C/min to
400°cC (with heat) for a comparison of volatiles detected under
identical conditions of flow, etc. to those with a specific
low-level DHS-like treatment (although no enrichment is possible in
this configuration). The 18 m/z dalton loss in Figure 21b is
likely the H,O loss from the microencapsulated formulation and
could not be“obtained in other systems with FID detection (either
PGC-FID or SFE-SFC). Other experiments include: (3) pulsing the
same sample from (2)-treatment to 4ZG°C/26 sec to give an excellent
m/z 304 molecular ion peak for the core Diazinon and an m/z 153
minor peak; a second pulse at 4ﬂﬂ°C/2ﬂ sec on the same sample from
(3)-treatment did not give a sxgnxflcant peak at m/z 304, but peaks
at m/z 153, 127, and 99. A pulse to 375°C/40 sec on microcap #1
gave an easily distinguished m/z 3064 peak, a minor m/z 121, as did
pulsing to 408°C/26 sec. A pulse to 700°C/20 sec (Figure 21c) gave
no significant m/z 304 ion, but a major fragment was observed at
m/z 153 and a minor peak at m/z 137. Programming at 248°C/min to
5¢0°C (Figure 21d) gave a mlnor m/z 304, strong m/z 153, and minor
m/z 127, not unlike the 700 C/20 sec pulse. Programming 3GG°C/m1n
to 200°c (Figure 2le) (4 min interval) gave a moderate m/z 304, and
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m/z 288, and major m/z 153, 139 and 111 fragments. This last run
compares the fast rate (38¢°C/min) to get a relatively low (200°c)
final temperature to the pulse treatment of 400°C in other runs not
shown) which yield a predominant m/z 304 core peak. Several in the
series are given in Figures 21 (a-e).

This serles of runs would conclude that the pulse at
375°c/20 sec or 488°C/20 sec is most informative as to the
detection of the m/z 304 molecular ion for Diazinon and the shell
polymer fragments. The polymer shell fragments are seen separately
in Flgure 22 when the polycarbonate shell was programmed to 400°c
at 180°C/min. Hence, both shell and core were detected by their MS
fragment patterns when thermally treated. A further comparison is
shown in Figure 23 (a, b, c¢) for mxcrocaps #1, 2, and 3 all with
the Diazinon core, pulsed at 460 C/2ﬂ sec to give a strong m/z 3064
m/z and less intense fragments at m/z 288 and 152/153. Figure 23
(d) presents a microencapsulated protein and its reference run to
demonstrate MS pattern comparisons for protein detection in
microencapsulation (19b).

5.2.2 System 2. Pyrolysis-Concentrator GC-MS, and -MS/MS

Pyrolysis/Concentrator Pyroprobe 124 with Hewlett-Packard
5985B GC-MS and with Finnigan TSQ in MS and MS/MS modes were used,
including DHS, pulse and programmed pyrolysis, cryogenic and/or
sorbent bed concentration/enrichment. Sample processing can be
conducted under inert or reactive atmospheres, with either a coil
or ribbon pyrolyzer sampling system or thermal desorption module
for aerosol samples. Not included in this study was the
demonstrated use of the purge and trap module for analysis of
dissolved targets in water/liquids or from bulky solids placed in
glass desorption vessels up to 50 ml size.

Figure 24 a is the experimental schematic. Figure 24b
and ¢ illustrate the results from conducting a DHS/pyrolysis GC-MS
experiment with the Pyroprobe Model 124 interfaced to the
Hewlett-Packard GC-MS on a series of twenty organic amine salts
from three structurally similar groups and relevant referenced
compounds {Figure 25)}.

The same Pyroprobe 124 system was then interfaced to the
Finnigan TSQ GC/MS unit. Microcapsule components were examined for
their behavior in the new configuration. Control runs were made on
a reference polymer HDPE, as well as oxidized PE and short-branched
PE to compare "standard" PGC pyrograms on the capillary DB-5 30
meter x .33mm fused silica column. Figures 26 (a~f) show the
excellent triplet pattern and short-branch and oxidation
information that can be obtained with the TSQ unit on the reference
polymer (20). More detailed pyrograms are illustrated in Figures
26 (b, 4@, and f) for the region between 650 and 950. Figure 27
records the experimental conditions under which the GC-MS spectra
were obtained.
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Selected microencapsulated materials from the Bend and

Dodge Co. series were examined over a range of pyrolysis
conditions. The core ingredient, Diazinon (Bend Corp.), was
examined under a 240°C/min to 70e°C final temperature with the
thermal desorber at 158°C to give the RIC seen in Figure 28(a).
EI/MS examination of the reconstructed ion chromatogram (RIC) for
scanset 672 is shown in Figure 28(b) and served to identify the
pesticide as Diaginon. 1Its definitive EI-MS pattern consists of
the molecular ion at m/z 304 and fragments at 276, 179, 152, 137,
etc. Figure 29 (a, b) shows the detection of Diazinon in a shell
of polycarbonate (microcap #1) examined under the same conditions
as Figure 28. Several combinations of pulsed/programmed pyrolysis
were examined for behavior of the core/shell degradation patterns,

e.g., compare microcap #1 run at 189°C/min to 680°C in an 8-min
interval (Figure 3¢ a, b) to that obtained at 242°C/min to 786° in
a 4 min ‘nterval (Figure 3@8c). Both runs gave easy definition of
the var*icide core from the polymer/ingredients fragments in

...octs 409, 437, 455, 479, 481, 515, and 581 regions. The
1ntensxty of the core (scanset #668) in Figure 36c in the faster
240 C/mxn to 786°C indicated it to be the preferred programmed
pyrolysis condition for maximum Diazinon release with minimum
thermal degradation. Separate runs under pulse conditions
(580°c/20sec) gave the RIC and MS patterns for Diazinon and the
MS/MS run of m/z 3064 ion seen in Figure 31 (a, b, c).

Under the pulse mode of 50000/20 sec, the Bend Microcap
#4 (Cypermethrin) gave the patterns in Figure 32 (a, b). The EI/MS
pattern from scanset #6088 yields fragments at m/z 208, 1736 163,
122, 109, 91, etc. Programmed pyrolysis (246 C/min to 480°C) of
the Microcap #4 gave scanset #395 which shows an EI/MS pattern of
m/z 208, 184, 173, 163, 127, 109, 91, etc. (Figure 33 a,b).
Microcap #5 containing Dursban in a polycarbonate shell gave the
RIC shown in Figure 34a. The EI/MS pattern of scanset #831 is
shown in Figure 34b. The MS/MS run of the m/z 199 parent MS
fragment (Figure 34c) yields a m/z 171 and minor m/z 163, 100
fragments. The Dursban core differs from Diazinon by the
polychlorinated pyridine ring linked to the phosphorothioate
portion, whereas Diazinon has the alkylated pyrimidyl thiophosphate
structure (see page 22).

The gelatin emulsifier (5%) in a polysulfone-
polyethersulfone shell (Dodge) gave an RIC with scansets at 168,
202, 320 and others (Figure 35a). Gelatin from different sources
gave RIC results seen in Figure 35 (b), (c), and (d) with
comparison of the Bend gelatin, P.S. and Dodge (500 micron size
range) gelatins. The P.S. gelatin RIC (Figure 35¢) gave scansets
196, 266, 258, and 361 when treated at 240°/min to 700°C, 8 min.
interval, while the Dodge gelatin {(Figure 35d) gave scansets 191,
276, 345, 387. The Dodge gelatin desorbed 5 min at 260°c gave the
RIC of Figure 35e. The EI-MS of scanset 206 yields fragments at
297, 191, 133, etc. {Figure 35f).
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5.2.3 System 3. Pyrolysis/Concentrator GC-FTIR

System 3 is a Pyroprobe Model 122 coupled to a GC with a
Fourier transform infrared spectrometer (FTIR). A representative
total response chromatogram (TRC) is shown (Figure 36a) for the
Bend microcapsule $1 and the associated FTIR pattern (Figure 36b)
(also shown are the library search results). Since Diazinon was
not present in the library used in this search (EPA/Sadtler), a
direct match was not obtained, nor was a separate reference run
conducted to add it to the library. Importantly, however, the
major functionality (phosphorothioic:.acid derivative) was
identified. The significance of this complementary data to the MS
spectral pattern cannot be overstated. Identification of “true"
unknowns requires the combined information from GC-MS/GC-FTIR
instrumentation.

5.2.4 System 4. Supercritical Fluid Instrumentation
5.2.4.1 SFE. Supercritical Fluid Extraction

Supercritical Fluid Chromatograph Model 560@ SFC/GC is
configured for extraction, desorption, reaction, and/or
chromatography. The initial studies with SFE and SFR involved a
polymer matrix containing many propellant formulation ingredients
and a sensitive component, RDX, as the target species, albeit not
in a microencapsulated form. Figure 37 illustrates the resultant
SFE profiles of formulated binders 1, 2, 3 with species extracted
under non-optimized conditions. Automatic transfer of the
extractables into the on-line SFC unit provided the separation of
components in a standard microbore chromatographic column. Many
feasibility runs on components in polymeric materials
(polyurethanes, polyethylenes, etc.) demonstrate the potential for
full SFE-SFC analyses for temperature sensitive substances in
microcapsule or immobhilized form. Figure 38 presents the analogous
SFE-SFC analyses for two samples from the same batch of formulated
microcap #1.

The Bend Research microcap series of known compositional
variations provided the background for parameterization of the SFE
method. Within the experimental limits of the instrument, the task
was to determine the "optimum" combinations of pressure,
temperature, density, flow, time, etc. to yield the most
comprehensive information on such complex samples. Hence, the
design was used in a non-statistical "response surface" screening
mode.

Results from this series are non-statistical because the
response of concern is an extraction profile, not a standard
chromatographic or spectral pattern. Figure 39 (a-c) gives a range
of typical profiles obtained in the Box-~Behnken series. The
information content resides in the core target extraction

29




“efficiency” and the pesticide core separation, as well as
associated formulation ingredients. This screening or experimental
response surface showed that the SFE method permits wide ranges of
pressure, temperature, flows, and residence times for satisfactory
detection/analysis of these representative core targets in the
selected polymeric shells.

Since the payload or core of the test microcaps
was high (4 50-80% by wt) and only a few milligrams of sample were
used in each run, it is safe to say that a typical SFE experiment
for these types of studies would be conducted with microgram
amounts of sample under nominal conditions: i.e., 1200 psi initial
CO., mobile fluid, 8 min. extraction time at 180°C, and pressure
prégramming at 200 psi/min to 40060 psi (Figure 39b). Presence of
emulsifiers/surfactants are not necessarily detected under these
conditions, and therefore, varied conditions are needed to ensure a
more complete analysis of all the formulation ingredients. Perhaps
a two-step pretreat/extraction or reactive extraction may be used
for this purpose, not unlike the route taken in analytical
pyrolysis method development: i.e., dynamic headspace thermal
preprocessing of volatiles, followed by pulse or programmed
pyrolysis.

Since SFE is only one step in the detection of a core
target in a polymeric or complex matrix, the identification step.
must involve more than a proper extraction time. The automatic
SFE-SFC system provides chromatographic separation and detection
systems for more complete characterization.

Figure 39a shows the SFE profiles of microcapsule #1 from
three runs in the experimental design. Five samples of
microcapsules examined under a single set of "reasonable" (as seen
in the Box-Behnken) experimental settings are given in Figure 39b.
Microcaps 1,2, and 3 contain Diazinon within three different
shells...polycarbonate, polysulfone, and polyetherimide (Ultem),
respectively. Microcap 4 contains Cypermethrin inside a
polysulfone shell and Microcap 5, Dursban inside a polycarbonate
shell. Each of the three pesticides are readily extracted under
these conditions, but the profiles differ according to the
shell/formulation content (Figures 39c-e). Variability between
microcapsule formulation or relative ease of extraction through the
different shells cannot be determined from this series. Repeat
runs (see Figures 39(d) and (e)) with a different sample from the
same batch illustrate this point...in-group variability can be
monitored and compared to profiles from different batches or to
different shell/core formulations. The data only serve to
demonstrate that the target cores and some formulation ingredients
are readily analyzed with SFE. Also, the three selected target
cores are easily differentiated by their extraction behavior in
this trial series.
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Furthermore, Figure 4@ shows SFE-SFC data for gelatin
(emulsifier A) (used in the Bend microcapsule formulation) and a
typical polyol emulsifier/surfactant (emulsifier B). The complex
profile with several individual peaks seem to indicate
solubilization of at least some of the gelatin material. The
proteinaceous gelatin serves as a reference for developing the
analytical SFE-SFC method.

These microcapsules of known compositional variations
thus provide the background for the parameterization of the SFE
method. Within the experimental limits of the instrument, the task
remains to determine what are the combinations of pressure,
temperature, density, flow, time, etc. to provide the most
comprehensive and quantitative information on such complex
materials that may vary over wide ranges of composition.

5.2.4.2 SFR. Supercritical Fluid Reaction

Extension to SFR was also shown with the RDX formulated
system, since research on RDX decomposition mechanisms had resulted
in significant new information in an important area of research
(19). The exploratory runs with RDX decomposition under CO, SF
conditions and with superimposed thermal input (up to ca. 2§a°c) in
the extractor gave SFR reésults shown in Figure 41. These runs
demonstrated that monitoring/analyzing decomposition products over
a range of extended reaction conditions were possible and enabled
comparisons to be made for catalytic vs. noncatalytic
decompositions. These RDX mechanism studies demonstrated extended
capability for thermally sensitive and reactive targets to be
analyzed over a range of conditions, including high pressure
regimes not previously available with commercial analytical systems
with such automated capabilities. Extension to "“reactive
extraction" of different biologicals, toxins, etc. is an important
direction to follow.

5.2.4.3 SFD. Supercritical Fluid Desorption

, A simulant, bis-(ethylhexyl)phosphonate, was examined by
(SFE) SFD/SFC in trial runs. Results are shown in Figure 42a
indicating successful analysis is possible when the simulant is in
a s0il matrix at ppm levels. Extrapolation of the data to expected
detection levels in a method development mode indicates detection
in the nanogram range with many adjustable parameters to extend it
even further. Hence, targets such as the simulant phosphonate
appears readily extracted/desorbed at trace detection levels.
Identification again would require more than the retention time in
either SFC or GC on-line analysis. An important illustration of
SFD is given in Figure 42(b) showing different charcoal samples
analyzed in the system. The on-line capillary GC analyses are
preferred for these studies, since the complex hydrocarbon
adsorbents are readily separated using typical environmental
analysis protocols; i.e., spectral identification by SF interfaced
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to an FTIR or MS unit. The fiber optic feasibility studies would
be particularly useful in this regard...use of a fiber optic
monitor (FOM) in the mid-IR region for identification using the IR
pattern and/or information on chemical functionality (see Section
6.1)

5.3 Supercritical Fluid Extraction-Chromatography
SFE/SFC.

SFE-SFC configurations, as-well as SFE-, SFD-, or SFR-
capillary GC are important integrated analytical tools for
detection and identification. SF extraction with minimal thermal
input is needed for the target species that are thermally labile
followed by on-line automated separation (SFC or capillary GC).
These analytical steps have been demonstrated for microcapsules
(Figure 38) in this series. 1Integration with spectral detection
(MS and/or FTIR) and enrichment or concentration stages provide the
means for identification of trace targets or classification of
unknowns with the aid of chemometric approaches. The newly
emerging fields of neural network/applied AI and fiber optic
sensors are directly relevant to a capability for in-field,
portable analytical monitors of target species in complex
environmental scenarios. Results from the microEXMAT development
(the expert system network for supercritical fluid technologies) .
are reported in context to the importance of applied Al to
analytical chemical instrumentation with "embedded" intelligence.
General conclusions of the SF technology series with
microencapsulated pesticides are given in Figure 42(c).

6. EXPLORATORY RESEARCH AND TECHNOLOGY ASSESSMENT

6.1 Fiber Optics.

Exploratory research was conducted with fiber optic
monitoring of supercritical fluid extractables in the UV, VIS, NIR,
and mid-IR regions using probe/cables with suitable spectrometers.
These latter units included (1) Guided Wave's Model 100
spectrometer (CRDEC); (2) Mattson's FTIR spectrometer (R. Fifer,
BRL); and (3) Infrared Fiber Systems' potential use of a solid
state spectrometer based on an acousto-optic tunable filter (AOTF).
The feasibility studies were documented (14b, c¢) and included
special configurations that were tested for the SFE-FOM interface
(Figure 43). Feasibility runs on the system for detection of trace
aromatics are shown in Figure (44 a, b). Extension to the mid-IR
is shown in Figure 45. The summary/conclusions of this fiber optic
development are given in Figure 46 (a and b).

6.2 Al and Neural Networks.

Extension of EXMAT to microEXMAT (an expert system for
supercritical fluid technologies) was documented (21) and is
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illustrated in Figure 47. Figure 47 (a) shows the "EXCONFIG"
outline and 47 (b) the ocutline of "EXMETH". These are two of the
initial expert systems in the network.

Technology assessment of the AI field indicated that
neural networks (noted in the 1987 literature) have
realistic potential for applications of particular significance in
pattern recognition. The hardware and software were tied into
sensor systems and adaptive training algorithms for classification
and prediction. Decisions are directly analogous to those
developed using the AI software of TIMM. Neural networks, as is
TIMM, are used on microcomputers, not just mainframes such as the
VAX 8608 or MicroVAX II computers that run the existing TIMM
software. This fast-paced development within the AI/computer
industry must be followed closely to make use of relevant
technology for the CRDEC mission; particularly in the areas of
pattern recognition and information fusion from selected chemical
se?sors (see Bibliography 10.3 on Sensors/Al, (page 41), (see ref.
42).

6.3 Inverse GC and SFC.

Inverse GC has been shown to be a useful tool for the
study of surfaces and subsurfaces of polymers (l1). The method
involves use of GC/SFC instrumentation for close control of time,
temperature, flows, and sensitive detection units just as in normal
GC, but the nature of the column function is changed. Rather than
inject unknown liquids/gases into the separation column so that
they elute according to the chromatographic process, injection of
known "molecular probes" is made into a chromatographic column
containing the substrate film, coated particulates, or other solid
materials (fibers, etc.) which are to be studied. Behavior of the
selected molecular probes in the mobile phase as they interact with
the stationary phase in a classic chromatographic separation
experiment provides detailed information on thermodynamics of
mixing and interaction; e.g., free energy, enthalpy and entropy of
adsorption, partial molar free energy, enthalpy and entropy of
mixing, solubility parameters, heats of solution, diffusion
coefficients, surface concentration at monolayer coverage, chemical
potentials, and other data not easily obtained by other analytical
methods for polymeric materials.

Extension to the SF field provides a new opportunity to
examine fibers, surfaces, and subsurfaces of materials with the
added dimension of high pressure and unique properties of SF mobile
phases. One potential application involves SF technology applied
to preparation and analysis of specialty treated charcoals.
Solubilizing oligomeric/polymer coatings and depositing
them upon desired charcoal or solid surfaces presents a new way of
preparing coated high surface-area materials. Evaluation of these
coated materials then is achieved by challenging the treated
samples in-situ with the appropriate vapors and measurement of
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classic breakthrough/quantitation information. Use of the SFD mode
as discussed above for analysis of charcoal traps from air
pollution studies involved desorption from charcoal placed in the
extractor/desorber accessory module. The inverse GC or SFC mode
may or may not use the accessory, but uses the chromatographic
portion of the system most appropriate for the nature of the
information needed.

7. SUMMARY AND CONCLUSIONS

The intended task to establish at CRDEC the capability to
perform trace organic analysis in the field of microencapsulated
materials and complex polymeric materials of concern in threat
analysis has been outlined and in part completed. The selected
instrumental tools and methods emphasizing analytical pyrolysis and
supercritical fluid technologies were demonstrated and made
operational at CRDEC for a variety of test materials. These
concerted analyses on microencapsulated samples successfully showed
that trace detection and identification can be carried out for
target cores in a range of polymer matrices and for targets that
are immobilized in soils, adsorbed on charcoal surfaces or other
particulate carriers/solid matrices.

During the initial work, only qualitative and
semi-quantitative analyses were conducted. It is necessary to have
a full gquantitative study on a selected system that would
demonstrate the necessary detailed methodology in terms of the
reproducibility at the sampling stage, data generation (pyrolysis
or extraction), and in data analysis/interpretation. Extension of
the applied AI decision structure and initial input to the
knowledge base in this specific domain was made in context to the
EXMAT network. Extension to initial assessment of neural networks
was undertaken in relation to pattern recognition and multi-sensor
fusion which have the potential for real-time detection and
identification.

8. RECOMMENDATIONS

Existing instrumentation and method development should be
used and extended to establish full qualitative and quantitative
determination of trace amounts of microencapsulated materials
important in threat analysis. This must be combined with
appropriate sampling common to multimedia environmental protocols.
Pattern recognition algorithms with some AI treatment should be
developed from the background in AI and multivariate Qata analysis
that exists from the CRDEC/BRL studies. The prototype EXMAT
requires an improved, current decision structure, as well as
development of the associated knowledge bases on the microVAXII
system. Of the existing seven linked expert systems, only one
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(“strategy”) has a sizeable knowledge base ( 258 rules). Persons
knowledgeable (i.e., experts) in environmental and trace organic
analysis could develop the needed decision structure/knowledge
bases with reasonable effort (approximately 8-10 months).

Development of microEXMAT illustrated the capability of
a PC-level shell for a focused field (supercritical fluid
technology). The associated chemometric software developed at
CRDEC can thus be used in conjunction with the GRC-AI shell
(microTIMM) if purchased for this purpose. In this case,
development of the chemometrics/AI expert system would require not
only expertise in the analytical chemistry applications, but
specific capability for efficient microTIMM (Fortran
77)/chemometric software integration. General Research
Corporation has demonstrated such embedded intelligence software
for a range of multi-sensor applications (Figure 47c). The
down-gizing of computer hardware/software now used for
multi-sensor data treatments and pattern recognition/
classification studies fits directly into the threat analysis area
in a very realistic manner.

Importantly, extension of these laboratory units/methods
to microtechnology in manufacturing would make possible a modular
"universal organic threat analyzer" in a highly automated,
miniaturized form. Sampling modules for air, liquid, or solids
can be integrated into the unit and thermal/nonthermal sample
processing would provide “extractables" automatically delivered to
the multidetection/identification unit, with or without the
immediate concentration or separation. The resultant set of
descriptor patterns from the key GC, IR, and MS detection units
for the selected target species would be combined with elemental
data and provide input to a knowledge base trained for the unit.
Expertise in handling a range of experimental and interpretive
decision-making stages would be included in the applied AI format,
using advantages of neural network advances. This potential
system would be designed as an "on-site", in-field portable threat
analyzer for screening a selected range of targeted materials, but
also providing information on unknowns not in the library
“trained" for detection of specific species. Knowledge base
extensions would be made accordingly. The key datasets would
provide the most efficient, reliable, and versatile screening
approach to handle difficult unknowns, including threat agents
formulated within microencapsulated materials in multimedia.

Thus, results from microcapsule method development
combined with exploratory research efforts in fiber optics,
applied AI and neural networks provide information needed to
design and fabricate a modular portable threat analyzer for
military, forensic, and environmental uses. This combined
user-manufacturer development is one of the most productive ways
for technology transfer to take place (22).
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POLYNIR CHARACTIRIZATION b OEGRABATION (1971) Figure 6(a)
(]

CURRENT TECANICAL AWARENESS)= ="~ ~=="""

J

E

AT L]

Ny
(R, 8V, RAMAN, steA, osc 6PC, PCLC, (6LC, LC  PF, ELEC
£SR, MMR, NI, MASS ' ‘

\

TATE-OF-THE-ART
ADVANCEMENT |

]

PROBLEM-SOLVING I MA (1986)  Figure 6(b)
POLYMER CHARACTERIZATION AND DEGRADATION MECHANISMS
R

OENERAL PRERSPECTIVE

o MICROPROCESSOR -BASED MSTRUMENTATION AND

METHOD DEVELOPMEINT
® SAMPLE PROCESSING WITH TRACE DETECTION/IDENTIFICATION
o CHEMOMETRICS AND APPLEED Al

SPECIFIC EXPERIMENTATION

o e e e e e e e

@ ANALYTICAL PYROLYSIS/CONCENTRATOR GC, QC-MS, MS/MS
AUTOMATED SYSTEMS ‘

o NNVERSE QC FOR SURFACE, SUBSURFACE ANALYSIS

THERMODYNAMIC CONSTANTS, SOLUBILITY PARAMETERS,
DIFFUSION CONSTANTS

e SUPERCRITICAL FLUID TRCHNOLOAQY
EXTRACTION, DESORPTION, REACTION, CHROMATOGRAPHY
CURRENT FOCUS
mﬁlém INTELLIQENT INSTRUMENTS g)
EMBEDDED INTELLIGENCE AND DRCISION-SUPPORT/ INTERPRETATION
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Figure 7(a)
INSTRUMENTATION FOR SAMPLE PROCESSING AND ON-LINE ANALYSIS

1969 PYROPROBE ANALYTICAL PYROLYSIS CHEMICAL DATA SYSTEMS, INC.

EARLY AND MID ‘704 TRACE ORGANIC ANALYSIS/ENVIRONMENTAL

INTERFACED ANALYT.CAL PYlOLV‘I

GC MULTIDIMENSIONAL GC OC-IR FTR \ CONCENTRATOR -GC

\oc-nm

OC-IO

CIRA
GC-FTIR QGC-uS

MICROPROCESSOR GC
1974 (H-P) 1976

AEVANCED SAMPLE PROCESSING AND ANALYSIS Figure 7(b)

FULLY AUTOMATED SYSTEMS
AR

LATE °‘70s
[EARLY ‘80 @ THERMAL TREATHMENTS

PULSE, PROGRAMMED PYROLYSIE

CONTROLLED ATMOSPHERSES

SAMPLE PROCESSING
Iano couceurnnoj;] © CONCENTRATOR TECHNOLOGY
SORBENT AND CRYOQENIC ENRICHMENT
OVYNAMIC NEADSPACE (DNS)

SEPARATION o PACKED, FUSED SILICA CAPILLARY
MULTIDRIENSIONAL QC COLUMNS

® aC DETECTORS _
TCO, FID, PID, NP, F PO, MED
DETECTION AND]
DATA ANALYSIS © SPECTRAL DETECTORS

\ FYIR, MS, MS/MS
o CHEMOMETRICS AND Al
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POLYMER MICROSTRUCTURE AND COMPOSITION

P AR i b Bt bbb A A e Fi&“re 8

PYROLYS!IS /CONCENTRATOR OC/FID
PYROPROBE 123 !

120C AR
S MIN
|
HELUM
- et -~
HIOH MOL WT.
PULSE PYROLYSIS

sraocraie ec 7”°c

C‘ 2

S 8 S0
00 @ & 6 00un FUNES MNICE
CUPMICHAY SOEPES 990
o'c. 4 o, o%0m
e sor't

- T —

Pulse and Programmed Pyrolysis of Polyethylene

KAMP: 20°C/me Figure 9(a)
TEMPERATURE: 800°C/20 sec.
GC PROGRAM: S0°C/2 min.
&C/mia. 70 280°

SAMPLE: POLY(ETHYLENE)

ﬂ- POLY(RTHVLENE) PYROLYMS
fc/mia 10 08¢c Figure 9(b)
;
1.
Ny :
*\4 - ‘ v’u__._ { ~
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CDS 320 SAMPLE CONCENTRATOR Figure 10(a)
VOLATILES IN PHARMACEUTICALS

LOTe 1
SAMPLE TEMPERATURE: 70 C/18 min.
' SAMPLE FLOW: 30mi/min.
GC PROGRAM: 40 C/2 min.
4 C/min. TO 278 C

——— .

COS 320 SAMPLE CONCENTRATOR Fi 10
b
VOLATILES IN PHARMACEUTICALS gure 10(b)

LOTe 2
SAMPLE TEMPERATURE: 70°C/ 15 min.
SAMPLE FLOW : 30mi/min.
GC PROGRAM: €0°C/2 min.
&£c/min. T0 278°%

1 ? '
w 2_4“/“—)/
N Y |
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Pyrolysis and Reproducibility of Glass-Lined System CDS Pyroprobe Model 124
(Human Hair)

PYROLYSIS OF HUMAN KAIR Figure 11(a)
REPRODUCIBILITY

786°¢ ror 10 seconos

{

GLASS LINED SYSTEN

-
-
=
°
a
L ]
-
[ 4
[ -]
-
4
[ ]
ATTENTION TiNE T 20 - JOmia.

(Ravw Wool)

' PYROLYSIS OF RAW WOO' Pigure 11(b)
75cPC tor 20 sec.

DIRECT CAPILLARY GC
WITH CRYOFOCUSSING

S e LT
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P10 ANEsONSE

Figure 1l1l(c)

(Microorganisms)

L PYROLYSIS QF MICROORGANISHMS

1' 650°C FOR 5 SECONDS

ESCHFRICHIA COLI

SACCHAROMYCES CEREVISIAE

(silk) Pigure (114)
! PIAOLYSIS OF SiLk

875°C FOR 10 SECONDS

GLASS LINED SYSTEM

F 1D RESPONSE

’

™ 7o £ 1] — 30 e

(Cellulose) (Figure lle)
PYROLYSRIS OF ¢~ 1,4~0LUCANR (CELLULOSE)

esd’C FOR 10 SECONDS OLASS LINED BYSTEM

S o

Ny
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" BOX-BEHNKEN EXPERIMENTAL DESIGN Figure 12
USED IN ANALYTICAL PYROLYSIS METHOD DEVELOPMENT

e MODIFIED TURBOPASCAL (3%) PROGRAM
FOR MICROCOMPUTERS

e ESTABLISH EXPERIMENTAL ERROR IN
MULTIVARIATE PARAMETER STUDY

-=PYROLYSIS TEMP
-=PYROLYSIS MODE
~=PRETREAT TEMP
- MATRIX

- ANION TYPE

BOX-BEHNKEN EXPERIMENTAL DES|GN Figure 13
SFE METHOD DEVELOPMENT
FIVE-FACTOR THREE-LEVEL INE
IIITI#g I",RESSURE (lal_l%ﬁ’ 1(%3 a(a:se'(/w'n’t MicroCAP
1000 10 R.T. 100/3500 1
1200 8 100 200/4000 2
1500 6 120 300/4000 3
EXPERIMENTAL
#1 1200 8 100 200/4000 2
#2 1200 8 100 200/4000 2
#16 fsoo 8 120 200/4000 2
#22 i_zoo 8 100 100/3500 3
#36 1200 8 120 200/4000 1
#46 1200 10 100 100/3500 2
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Ceneral Processes lavolved in Organic Analysis

IR
S Tﬁ

KL MULTICOMPONENT

e
""""""" QRCANIC CHEMISIRY - ALTERNATIVE) = -=-=-""""")
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MULTILEVEL EXPERT SYSTEMS QULLING Figure 15(a)

M

TOTALLY AUTOMATED EXPERIMENTAL DESIGN AND OECl.ION;.AKING

PROBLEM STATEMENT EXPERIMENT EASUREMENT SOLUTION OR Dkfg
OR MYPOTHESIS

LABORATORY AUTOMATION USING EXPERT SYSTEMS DRIVERS

EXPERT SYSTEMS

/ XPERIMENTAL OE \

INSTRUMENT 1 INSTRUMENT 2 INSTRUMENT N

e — #
CONTROL CONTROL CONTROL
OPTIMIZATION OPTIMIZATION OPTIMIZATION
PREPROCESSING PREPROCESSING PREPROCESSING
INTERPRETATION INTERPRETATION INTERPRETATION

DATAGASE MANAQGEMENY EXPERY SYSTEM

DATA ANALYSIS
INTERPRETATION
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FPigure 15(e)

Test Data for. Chemometrics

Figure 15(d)

PYROLYSIS/CONCENTRATOR WITH
CAPILLARY GC-MS/DS

PORMATTED POR ENTRY INTO 4
DATABASFE. MANAGEMENT SYSTEM, .’ FACTOR 1 VS FACTOR 2
EXDBM r
EXDBbM 1 9
v é [
a
SANPLE ID = 0001 20 a*
81/28/7 i.{
SAMPLE NAME = BA4004 600C/20 SEC
= 175C/3 MIN
SAMPLE REP. NO.=1 ~50/4 MIN )
SAMPLE EXP. NO.=1l ~50/¢ MIN
- - 290C/3 MIM s
PYROPROBE 124-HP 59858 GC-MS 290C/3 MIN .
ANALYSIS TYPE = DHS/PGC-MS 300/7 w1V ° T
TYPE = CORR. AREA, % OF TOTAL ‘1’:‘35?“ - 25mM) i
SAMPLE FILE BASIS = S0087 S0C (IM) TO 300C
Joc/mIN

¥O. VARIABLES = 16 EI (70E0)/3000A

200C
33 TO S00/SEC 1 ® y
B

PEAK1=6.285
15012 - pq‘ p’
1.781 p B
PEAK2=6.835
11391 -
[ ]
$
.-\ [}
a j
o
-
]
.
-
t ¢

Figure 15(f)

Engzgu aouﬂgﬂ

Test Data for Chemometrics

PLOT OF COVARIANCE MATRIX

FAC}'OR 2

FACTOR 4
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ZOW\T Network, NICROCAP Pxpert System FIGURE 16

The allowable responses are shown below.

SMAIN MENU* \ B Build T Train E Etxercise

Type letter 1 1 Inquire G Generalize C Compress

+ file name t M Modify N Check consistency P Check completeness
and return. 1 v Convert R  Recover § Stop

Selection? e
First, some preliminaries ... -
Do you want to record this in & print tile? n

Tell me the namea of all the files containing the expert systems you want

to exercise. Enter one per line, and enter a */° as the last line:
EXCONFIC
strategy
config
datgenl
datarea
datares!
interptl
angoall

microcap m———-
Shall I pick the test cases for you { Yor ¥ ) ? n
Shall 1 narzow down the possible choices as 1 go ( Yor N ) 2 n

DO you want me to use terse (T) or verbose (V) mode? t

Ok, we're ready to start ...

SCOPE IS acreen

SAMPLE AMT 1S mq

SAMPLE FORM 1S powder

SAMPLING PROCESS 1§ *

SAMPLE HISTORY 15 *

INSTR. AVAIL 1S all

ANALY STRATEGY IS FTIR/SYS2(80)
GC/syYS1{2@)

(Reliability = 180)

EXMAT - HELP "CHOICE §$YS @8/CT* FIGURE 17

TAGA €880 Triple Quadrupole MS/MS Interfaced with Pyroprobe Model 122

CHOICE “SY§8/CT"

Operational settings for the Pyroprobe are under condition C: for the triple quadrupole Sciex TAGA
6608, under condition T. When using the CDS Pyroprobe Model 126 or 122, the probe is positioned in
the glass tube support about 1.5 cm from the ond-vlth the metal outside rods just near the glasas.
The corona diescharge needle in the APCI source should be ca. 2 sm from the inside quarte tube ineert
of the Pyroprobe which holde the samp. Carrier gas stream or air or ¥, of 80 mi/ain swesps the
volatiles into the ionization chamber. Condition T: The TAGA may be opersted in the MS-mode or
HS/MS-mode, with each paraseter set to ites optimum in terms of peak resolution, shape, and
tranemission of the fons thru the maes filters of quad l-quad 3. Recommended values for the
conventional NS quad 1 scan parameters are given in (....) and for the daughter-ifon mode (NS/NS) in
(....]. MTL (sec) measurement time limit: (€.0100/(0.630€); STEP (amu) mass increme:rrs:
{1.00000)/(1.0008); PE (sec) delay period between scans: (9.08)/(6.88); C = constant time mode:
(10)/(1); TH (ions/sec) Threshold (18)/({1]; TT (min.) total time: (2.08)/(2.68]); MO (amu) mass
offeet: (-0.1)/((-6.1);: DI (uA) discharge current: (2.088)/[2.5600); IM (volt) interface plate
voltage: (658)/(650]: L1 (volt) Lens 1: (63)/(76); CB {volt) Lens 2 (48)/[568]);: L3 (volt) Lens 3a
and lens 3b: (48)/(56): L4 (volte] lens 4: (5.)/(46];: LS (volt) lens $: (-256)/(-258); L6 {volt)
lens 6: (25)/{25): R) (volt) rod offset of quad 1: (38)/[45); REl (volt)

("$° stops output, “¢° stops paging ... )

maes resolution of quad 1: (153)/{135);: R2 (volt) rod offset of quad 2: (15)/(8): CG (volt)
collieion gas: (off)/(Ar]: L1€ (volt) lens 10: (68)/(60): M (volt) multiplier voltage:
(~3652)/(-4200): R3 (volt) rod offset of quad 3: (15)/(auto): RE 3 (volt) mase resolution of quad 3:

(126)/(153]. Parametere SY, SE. PE, Gl, G2, G3, BAF, DC, MCl, DMl, Q2r, and DMJ are not important in
the above coapilation.
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Figure 20(a)
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Bigh Dewmsity PE, 800°C/20 sec Pyrogras - RIC Figure 26(a)
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Oxidized PE, 800°C/20 sec Pyrogram - RIC Pigure 26(c)
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Polymer Bulk Ref. 60°%°/min to 400°C
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Figure 27

GC-MS Experimental Conditions (Finnigan TSQ GC/MS)
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Diazinon-Pyrogram, 240°/min to 700°C, &4 min (Scanset #672) Figure 28(a)
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Microcap #1, 240°/min to 700°C, & min (Scanset #657) Figure 29(a)
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Microcap #1 RIC 180°C/min to 600°C (Scanset #662) Figure 30(a)
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Microcap #1 RIC 240°% min to 700°C (Scanset #668) Figure 30(c)
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Microcap #1 RIC Pulse 5009/20 sec (Scanset #753) Figure 31(a)
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EI-MS of Scanset #753 - Diazinon Core Figure 31(b)
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MS-MS Daughter Ious from Parent Ion of Microcap #1 Sample Figure 31(c)
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Microcap #4 - Cypermethrin Core Pigure 32(a)
Pulse 5009/20 sec (Scanset #608)
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EI-MS of Scanset #608 - Cypermethrin Core Figure 32(b)
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Microcap #& (RIC) Cypermethrin Core (Scanset #395) Pigure 33(a)

RIC DATA: RICROCP4R ¢1 SCarS 170 &7
12712788 16:31:8 CALl: CAL1206Q1 §1
SAAPLE: MICROCAP 4 DM 208. 249C/NIN «G8C/1300U
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RANCE: C 1. 875 LAGEL: N 6. 4.0 Mzﬁasg. 1.5 0 MGE: U22. 3

* RIC

100. 84
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- w‘kli—_‘v "sl *"‘m*_.
EI-MS of Scanset #395 from Microcap #4 RIC Figure 33(b)
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Microcap #5 (RIC) Dursban Core (Scanset #831) FPigure 34(a)

SAMPLE: MICROCAP § DURSBAN
TONOS.: (W 208C. SORC/20SEC. 1388V

RRGE. L 1.1000 LAGEL: N 8. 4.8 QUM @ 8. 1.0 J 8 BeSE: U6 . -
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1l )
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e
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18 M " J:'.
T v T 1
(- ) [__]
Eae b 16:38 14:00 1213
EI-MS of Scanset #831 Dursban Core Figure 34(b)
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1.8 4

MS-MS Daughter Ioans from Pareant 199 Ion FPigure 34(c)
of Microcap #5 Sample
12712798 17136108 ¢ 18:39
SAPLE: NICROCAP 3 PS5 193
COMOS.1 " 200500C/205EC. 1080V
198.9 _
Microcap #5 176.9 1
MS/MS of 199
Pursban }
r
r
+
108.3 161
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RIC

Pyrogram - RIC of Dodge Gelatin in PS-PES Shell

RIC OaTa: OOGE 01 SCRt 1 70 1088
991388 16:31:0 CALI1T MBCRL31 18

SAPLE: OOOGE PS-PES/CELATIN X

CONDS.: 248/MIN TO TOEC. @ MIN Or=209

RANCE: C 1.1 LAGELI N 8. ¢.0 QI R 0 1.0J 8 BRSE1 U2 3

ic |

Figure 35(a)
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RIC
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Pyrogram - RIC of Esmulsifier Gelatin (Bend)
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Figure 35(b)

1.

RANCE 1. 778 LI BN : . L : .
nﬂxl L) manu‘Jsaaasz.ua 3
247
191
4
334
276 ﬂ
M T M S B T T v
108 200 k] e 308 608
32 6:48 10: 00 13:20 € e o a0




Pyrogram - RIC of Gelatin (P. Snyder) Figure 35(c)
0:C 0RTA: CELATINPS 81 SRS | T0 1088
51388 13:16:08 CALIT MACAL31 §10
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RRGEI G I1OM LAGELI N B 40 QiR 6 LOJ 8 MEUN D
100.0 1 1433598,
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R4
200 400 600
Pyrogram - RIC of Gelatin (A500 m Particles - Dodge)  Figure 35(d)
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Pyrogram ~ RIC of Gelatin (A/500 p Particles - Dodge) Figure 35(e)
Desorb 260°C/S5 min (Scanset #206)
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EI-MS of Scanset #206 - Gelatin Particles Figure 35(f)
RIC . DATA: DOOGECELA 1 a5 110 €32
€307/89 10:%:00 CALLT MECALIL 818
SAPLE: DOOGE (0. CELATIN SOSMICRON ROOGE
OS5, : DESORD 268C/MMIN
RAHGE: C 1. 832 LABELI K @, 4.0 QuNt 4 6, 1.8 & BASE: U 28, 3
l“.ﬁ m&
178
J
RIC
=
I
be 73 w4
“ 8
A ! %k J} 3 —
— T ——p W ———— Gr“ 71“ 00
1ee 2—”» ..my_ ?&M ,*;, . op "M% 26168
92




PYROLYSIS GC-FTIR

Total Response Chromatogram (TRC) Figure 36(a)
Microcap #1 (Diazinon Core)
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SFE-SFC of Fmulsifiers A and B Figure 40
SUPERCRITICAL FLUID EXTRACTION-CHNROMATOGSRAPHY
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REMOTE SPECIROSCOPY

Figure 43

FIBER OPTIC MOMITOR (FOM) PROTOTYPES
FOR CCS MODEL 5088 SFC/GC

SUPERCRITICAL FLLID EXTRACTOR/ACCUMULATOR MODULE

CORFIGURATION 1
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"l—&.-n L T2 i o). e
—=—- W"
WIFRARED FIBER SYSTEMS, MC.
-IFIII
SF
CONFIGURATION 2 "

sFca, m
CONFIGURATION 3
GUBED WAVE, INC. %
PROCHEM SCENTIFCNC. . | SAPPHIRE WHIBOW
e WY
S on
maon v s
, SRICON/PMT
V QUARTZ ELEMERT
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SUMMARY FPigure 46
Remote Spectroscopy and FOM Applications
ADVANTAGES OF REMOTE SPECTROSCOPY ARE EXTENDED TO
SUPERCRITICAL FLUID EXTRACTION WITH THREE FOM PROTOTYPES
IN UV-VIS-NIR AND MID-IR REGIONS

VIS-FPOM DEMONSTRATED WITH CCS MODEL 5000 SFC/GC WITH
SFE MODULE FOR ELUENTS AT HIGH CONCENTRATIONS

UV-FOM DEMONSTRATED WITH SFE/ACCUMULATOR MODULE FOR
AROMATICS AT LOW CONCENTRATIONS WITH QUARTZ ELEMENTS

MID-IR FORM PROTOTYPES DEMONSTRATED WITH SFE/ACCUMULATOR

MODULE FOR POLYOL SURFACTANTS WITH ZnSe ELEMENTS AND
CHALCOGENIDE FIBERS/CABLES/PROBES

CONCLUSIONS

FOM APPLICATIONS TO SFE TECHNOLOGY PERMIT ON-LINE
NON-DESTRUCTIVE ANALYSES TO SUPPLEMENT FID PROFILES
WITH SELECTIVE DETECTION/IDENTIFICATION UNITS IN
AUTOMATED SUPERCRITICAL PLUID INSTRUMENTATION

INTEGRATED SPE/ACCUMULATOR-FOM ELEMENTS WITH

SOLID STATE SPECTRAL SYSTEMS WILL PROVIDE TRACE
ON~-LINE REAL-TIME ANALYSES FOR PROCESS R&D, QC/0QA,

AND ENVIRONMENTAL APPLICATIONS. POTENTIAL APPLICATION
ACOUSTO-OPTIC TUNABLE FILTER (AOTF) SOLID STATE
SPECTROMETER WITH FOM UNITS IN UV TO MID-IR RANGE
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Partial Decision Structure for Expert System - Figure 47(b)
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Figure 47(c)

EMBEDDED INTELLIGENCE AND APPLIED Al NETWORKS
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